the association between lower birth weight and childhood asthma is well established. However, it remains unclear whether the influence of lower birth weight on asthma can persist into adulthood. We conducted a Mendelian randomization analysis to assess the causal relationship of birth weight (~140,000 individuals) on the risk of adult asthma (~62,000 individuals). We estimated the causal effect of birth weight to be 1.00 (95% CI 0.98~1.03, p = 0.737) using the genetic risk score method. We did not observe nonlinear relationship or gender difference for the estimated causal effect. With the inversevariance weighted method, the causal effect of birth weight on adult asthma was estimated to be 1.02 (95% CI 0.84~1.24, p = 0.813). Additionally, the iMAP method provides no additional genome-wide evidence supporting the causal effects of birth weight on adult asthma. Our results were robust against various sensitivity analyses, and MR-PRESSO and MR-Egger regression showed that no instrument outliers and no horizontal pleiotropy were likely to bias the results. Overall, our study provides no evidence for the fetal origins of diseases hypothesis for adult asthma, implying that the impact of birth weight on asthma in years of children and adolescents does not persist into adult and previous findings may be biased by confounders.
the association between lower birth weight and childhood asthma is well established. However, it remains unclear whether the influence of lower birth weight on asthma can persist into adulthood. We conducted a Mendelian randomization analysis to assess the causal relationship of birth weight (~140,000 individuals) on the risk of adult asthma (~62,000 individuals). We estimated the causal effect of birth weight to be 1.00 (95% CI 0.98~1.03, p = 0.737) using the genetic risk score method. We did not observe nonlinear relationship or gender difference for the estimated causal effect. With the inversevariance weighted method, the causal effect of birth weight on adult asthma was estimated to be 1.02 (95% CI 0.84~1.24, p = 0.813). Additionally, the iMAP method provides no additional genome-wide evidence supporting the causal effects of birth weight on adult asthma. Our results were robust against various sensitivity analyses, and MR-PRESSO and MR-Egger regression showed that no instrument outliers and no horizontal pleiotropy were likely to bias the results. Overall, our study provides no evidence for the fetal origins of diseases hypothesis for adult asthma, implying that the impact of birth weight on asthma in years of children and adolescents does not persist into adult and previous findings may be biased by confounders.
Asthma is a commonly complex chronic lung disease that is characterized by bronchoconstriction, airway hyper-responsiveness, mucus secretion and chronic inflammation 1 . Asthma represents a growing severe public health burden, affecting more than 300 million people and causing approximately 250,000 deaths per year worldwide 2, 3 . Although asthma is very common in childhood, it can also occur in adulthood; for example, the incidence of asthma among adults is estimated to be as high as 12 cases per 1,000 person-years 4, 5 . Childhood and adult asthma share the same disease symptoms but likely have different genetic and environmental causes [6] [7] [8] [9] [10] [11] . The mechanism of asthma remains elusive. In the literature it has been reported that various environmental, familial, socioeconomic, lifestyle and genetic factors are associated with asthma (e.g. obesity, smoking, air pollution and allergies) 9, [12] [13] [14] [15] . Among these identified risk factors, the relationship between birth weight and subsequent risk of asthma has attracted much attention 16, 17 . In practice birth weight is widely employed as a proxy measurement of early life development and has long been hypothesized to have a profound long-term impact on individual's predisposition to the risk of various diseases (e.g. asthma 18 ) in later life -a hypothesis often referred to as the Barker hypothesis of adult diseases, or the fetal origins of adult diseases [18] [19] [20] [21] [22] [23] . Indeed, it has been previously found in observational studies that lower birth weight is correlated to higher risk of asthma in both childhood and adolescence [23] [24] [25] [26] [27] . More, importantly, this inverse association between birth weight and childhood asthma is unlikely confounded by familial factors 28 and is also supported by large-scale meta-analyses 3, 17, 29, 30 . However, whether lower birth weight still has a long-term influence on the risk of adult asthma is less understood and only very few studies have previously focused on this question 17, 31, 32 . It was observed that the prevalence of asthma at 26 years among the lowest birth weight group (<2 kg) was about twice higher compared with the reference birth weight group (3~3.5 kg) 32 . Another finding reported in Johnson et al. 31 implied that the asthmagenic effect of low birth weight can persist into adulthood. Additionally, a recent meta-analysis also showed that the risk of developing adult asthma for individuals born small (birth weight <2.5 kg) was 25% higher compared with those with normal birth weight (2.5~4.0 kg) 17 . Nevertheless, it remains unclear whether the inverse association between birth weight and adult asthma in those studies is truly causal as many known/unknown factors (e.g. smoking or body mass index) in later childhood or early adulthood can confound the observed relationship between birth weight and adult asthma 32 . Understanding the long-term causal impact of birth weight on individual's predisposition to asthma risk can facilitate our understanding of asthma etiology and paves ways for the potential development of early interventions to reduce asthma risk in adulthood. However, determining the causal impact of birth weight on adult asthma through traditional randomized intervention studies is a challenging task as such studies necessarily require a relatively long follow up, thus time-consuming and expensive, and are generally unethical to perform in practice 33, 34 . Therefore, it is desirable to determine the causal relationship between birth weight and adult asthma in observational studies using other novel statistical strategies 35 . In the literature of causal inference, Mendelian randomization (MR) is a novel statistical approach that is commonly employed to determine the causal relationship between an exposure variable (e.g. birth weight) and an outcome variable (e.g. adult asthma) in observational studies. Specifically, MR is an instrumental variable method for causal inference that relies on strongly associated single nucleotide polymorphisms (SNPs) from genome-wide association studies (GWASs) to serve as instruments 36, 37 . By leveraging the fact that the two alleles of a genetic variant are randomly segregated during gamete formation and conception under the Mendel's law and that such segregation is independent of various environmental confounders, MR analysis can provide an estimate of causal effect without much susceptibility to reverse causation and other confounding factors as compared with other statistical approaches 38 .
In the present study we performed a MR study based on two causal inference approaches including genetic risk score and two-sample inverse-variance weighted (IVW) estimation. Our study employed summary statistics obtained from large-scale GWASs with sample sizes ranging up to ~140,000 individuals for birth weight and ~62,000 individuals for adult asthma, representing the largest MR analysis performed to date for inferring the causal relationship between birth weight and adult asthma. Even with such large sample sizes, however, our study did not provide sufficient statistical evidence that supports the causal role of birth weight on adult asthma, suggesting that the previously observed association between birth weight and adult asthma may be unlikely a direct causal relationship.
Materials and Methods
Data sources and selection of instrumental variables. We first obtained summary statistics of birth weight from the Early Growth Genetics (EGG) GWAS consortium study 39 . The EGG study is the largest GWAS formally published and performed to date on birth weight, which analyzed a total of 16,245,523 genotyped and imputed SNPs on up to 143,677 individuals of European ancestry. In this EGG study, an additive linear regression model was applied to analyze one genetic variant at a time to detect the SNP association with birth weight while properly controlling for gestational age and study-specific covariates whenever they were available 39 . With the EGG GWAS summary statistics, we yielded a set of 59 independent index SNPs that were strongly associated with offspring birth weight at the genome-wide significance level (p < 5.00E-8) to serve as instrumental variables (see extended data table one shown in Horikoshi et al. 39 for full information). In our MR analysis a potential confounder is the maternal effect -the portion of mother's genetic effect on offspring birth weight mediated through various maternal behaviors during pregnancy or intrauterine environment 40 . To control for confounding due to the maternal effect, we excluded instrumental variables that exhibited potential maternal effects on birth weight using summary statistics from a recently published GWAS of maternal SNP effects on offspring birth weight 40 . This maternal GWAS study included 86,577 women and analyzed a total of 8,741,106 genotyped and imputed SNPs. While the sample size in the maternal GWAS is large, it is about half smaller compared with the offspring EGG GWAS (86,577 vs. 143,677). Therefore, to effectively remove all SNPs that may display observable maternal effects, we obtained a set of birth weight associated maternal SNPs in terms of a relaxed significance threshold (1.00E-5). Totally, we generated 700 SNPs which likely showed potential maternal effects. Afterwards, we then cross-examined the 59 instrumental variables with these maternal SNPs and removed instrumental variables that resided within 1 Mb of any of the maternal SNPs. By doing this, twelve instrumental variables were further excluded.
To minimize the influence of the potential pleiotropic effects, we also removed instrumental variables that were associated with relevant allergic diseases including asthma, hay fever and eczema. Specifically, we obtained summary results for these three allergic diseases from a recently published GWAS 13, 14 and yielded the corresponding p values of the selected instrumental variables for each disease. We then removed instrumental variables that may show potential associations with asthma, hay fever or eczema (p < 0.05/58 = 8.62E-4). Excluding instrumental variables that are strongly correlated to the outcome of interest (or outcome relevant traits) is a conservative strategy to guarantee the validity of the MR analysis -by focusing on only instrumental variables that do not have horizontal pleiotropic effects, we can ensure that these instrumental variables only have an influence on adult asthma by the path of birth weight [41] [42] [43] . Afterwards, two additional instrumental variables were excluded in this filtering step. We focused our following analysis on the remaining 45 instrumental variables that unlikely exhibit maternal effects and unlikely exhibit pleiotropic effects. We would further examine the possible influence of instrument pleiotropy in our sensitivity analyses (see below).
Next, we obtained asthma data from the Genetic Epidemiology Research on Aging (GERA) cohort 44 . The GERA study included adult individuals whose age ranged from 18 to over 100 years old (with an average age of 63 years at the time of the survey in 2007), indicating that all the individuals included in our analysis were adult. In the GERA study asthma was defined by the international classification of diseases (ninth revision with clinical modification; ICD-9-CM) in terms of the Kaiser Permanente Northern California patient electronic medical record (EMR). More specifically, an individual was coded with asthma if she/he had at least two diagnoses in the asthma category of ICD-9-CM recorded on separate days (i. 46 on the Michigan Imputation Server using Minimac3 47 . After filtering (HWE p value < 10 −4 , genotype call rate < 95%, MAF < 0.01 and imputation score < 0.30), we obtained 8,385,867 genotyped and imputed SNPs. For each genotyped or imputed SNP in the GERA cohort, we generated association results for adult asthma by using an additive logistic regression model while controlling for other available covariates (e.g. top ten principal components and those factors presented in Table 1 ). Note that, among the set of 45 instrumental variables for birth weight, only 37 were available after filtering and imputation. For each of the remaining instrumental variables in turn, we obtained summary statistics for both birth weight and adult asthma in terms of effect allele, marginal effect size, and standard error as well as p value (Table 2) .
Genetic risk score method. The genetic risk score (GRS) for birth weight was computed following previous studies 48, 49 . Briefly, the GRS for individual i in the GERA study was constructed as
where βˆj birthweight is the estimated marginal SNP effect size of birth weight for the jth instrumental variable obtained from the EGG study 39 , and SNP ij is the individual-level genotype of the corresponding jth instrumental in the GERA study 44 and was coded to be 0, 1 and 2 in terms of the number of the effect allele which was matched with that in the EGG study. We further standardized GRS to have mean zero and variance one in our analysis. Note that, unlike in 48, 49 we did not scale GRS as the p value of GRS would not change regardless GRS was scaled or not. Afterwards, we evaluated the effect of GRS on adult asthma with an additive logistic regression model while adjusting for available covariates (see Table 1 ) as well as top ten genotype principal components
where μ i is the expectation of y i with y i = 1 or 0 representing the status of adult individual i with or without asthma in the GERA study, θ is the effect size of GRS, and X i is the vector of covariates with effect sizes α. We are primarily interested in estimating θ and testing for the null hypothesis H 0 : θ = 0.
Two-sample MR analysis. Besides the genetic risk score method, we also performed a two-sample MR analysis to estimate the causal effect size of birth weight on adult asthma using summary statistics ( are the effect size estimate and its variance for the same instrumental variable for adult asthma in the GERA study 44 , respectively. We estimated the causal effect of birth weight (again, denoted as θ) using all the instrumental variables together through the IVW method [50] [51] [52] [53] [54] [55] Covariates Code and proportion (%) The iMAP analysis to infer the causal effect. We further applied a recently developed method, iMAP, to complementally analyze the relationship between birth weight and adult asthma. iMAP is an integrative method for modeling pleiotropy and can be employed to investigate causality between pairs of complex traits using summary statistics from GWAS 56 . Unlike the genetic score or the two-sample MR method, iMAP jointly analyzes all genome-wide SNPs and has the potential to provide additional evidence supporting or against causal relationship between two traits. iMAP aims to estimate some proportion parameters that characterize the SNP causal effects on the two traits in order to better understand the relationship between the two traits 56 . In particular, iMAP estimates an important ratio quantity π 11 /(π 10 + π 11 ) (or π 11 /(π 01 + π 11 )), where π 11 represents the probability that a SNP is associated with both traits, π 10 represents the probability that a SNP is associated with the first trait but not www.nature.com/scientificreports www.nature.com/scientificreports/ the second, π 01 represents the probability that a SNP is associated with the second trait but not the first and π 00 represents the probability that a SNP is not associated with any traits. Therefore, this calculated quantity above represents the proportion of SNPs associated with one trait that are also associated with the other and has been employed to evaluate the causality of one trait on the other 57 . Specifically, a large π 11 /(π 10 + π 11 ) and a small π 11 / (π 01 + π 11 ) imply that a large fraction of SNPs associated with the first trait is also associated with the second trait, but not vice versa, indicating that the first trait may causally affect the second trait. A small π 11 /(π 10 + π 11 ) and a large π 11 /(π 01 + π 11 ) indicate that the second trait may causally affect the first trait. On the other hand, a large π 11 / (π 10 + π 11 ) and a large π 11 /(π 01 + π 11 ) indicate that both traits may share common biological pathways. Therefore, estimating π 11 /(π 10 + π 11 ) and π 11 /(π 01 + π 11 ) using iMAP can help provide additional evidence with regard to the causal relationship between birth weight and adult asthma. sensitivity analyses. To ensure the robustness of our results and to guard against various modeling misspecifications in our main Mendelian mediation analyses, we performed extensive selectivity analyses. First, to further examine the pleiotropic effects of instruments, we searched the NHGRI-EBI catalog to look at whether there were instrumental variables that may have any associations with other traits or diseases. We found that twelve instrumental variables were previously identified to be associated with other traits or diseases (Tables 3 and  4) . We then carried out a leave-one-out (LOO) analysis to check if removing any of these twelve SNPs could substantially influence the results of genetic risk score and MR. In addition, for the genetic risk score approach, we carried out stratified analysis in terms of gender. For the two-sample MR method, we conducted the Mendelian randomization pleiotropy residual sum and outlier (MR-PRESSO) method to identify instrumental outliers that can substantially influence the causal effect estimate 58 . We also conducted weighted median-based method which is robust when some instrumental variable are invalid 59 as well as MR-Egger regression which guards against horizontal pleiotropic effects 60, 61 . power calculation. Finally, to investigate the statistical power, we carried out power calculation to detect a non-zero causal effect for birth weight with regard to adult asthma [62] [63] [64] . In the calculation, we set the total phenotypic variance explained (PVE) by all instrumental variables to be 1.23% (i.e. the total phenotypic variance of birth weight explained by all used instrumental variables; see below), set the significance level α to be 0.05, and set the proportion of the asthma cases to be 16.3% (i.e. the fraction of cases observed in the GERA study). In the present study, the power was calculated using the method shown in Brion et al. 63 .
Ethical approval and informed consent.
Our study made use of data generated in previous studies, in which individuals gave informed consent for data sharing, as described in each of the GWASs used in the present manuscript. Additional ethical approval was also not needed for our study.
Results
Estimated causal effect of birth weight on asthma with genetic risk score. We employed a set of 37 SNPs from a large-scale GWAS with up to 143,677 European individuals to serve as valid instrumental variables for offspring birth weight (Table 1) . These SNPs are all robustly associated with birth weight (p < 5.00E-8) 39 , and explain a total of 1.23% phenotypic variance of birth weight based on summary statistics. We first examined the strength of these instrumental variables using F statistic 65 . The F statistics for all these selected SNPs are above 10 (ranging from 25.0 to 138.9 with an average of 46.7), suggesting that all the instrumental variables are strong and that weak instrument bias unlikely occurs in our analysis.
Using the logistic regression, we find that no causal association exists between the genetically determined birth weight and adult asthma. Specifically, the odds ratio (OR) per risk score unit change is 1.00 [95% confidence interval (CI) 0.98~1.03, p = 0.737] after adjusting for covariates, with the unadjusted OR estimated to be 1.00 (95% CI 0.98~1.02, p = 0.816). In addition, there is no evidence for the quadratic effect of GRS (p = 0.602). We further implemented stratified logistic analysis in terms of gender. The OR is 0.97 (95% CI 0.93~1.01, p = 0.108) for men; while the OR is 1.02 (95% CI 0.99~1.05, p = 0.118) for women. No quadratic effect of GRS on adult asthma is detected in either men (p = 0.846) or women (p = 0.436). Additionally, the LOO analysis shows that none of the twelve instrumental variables that were previously identified to be associated with other traits or diseases can substantially change the estimated casual effect of GRS (Table 3) .
Estimated causal effect of birth weight on asthma with two-sample IVW method. In terms of the two-sample IVW method, no evidence of heterogeneous casual effect of individual instrumental variable is observed (p = 0.078) and the OR per unit standard deviation change of offspring birth weight on adult asthma is 1.02 (95% CI 0.84~1.24, p = 0.813), again, implying that there is no causal association between birth weight and adult asthma. The SNP effect size of birth weight against the SNP effect size of adult asthma for each instrumental variable is shown in Fig. 1a . The weighted median method shows consistent null estimate (OR = 0.91, 95% CI 0.67~1.23, p = 0.533) and the MR-Egger regression also generates similar null estimate (OR = 0.78, 95% CI 0.36~1.72, p = 0.540). The intercept of the MR-Egger regression is not significantly deviated from zero and is estimated to be 0.008 (95% CI −0.015~0.032, p = 0.483), suggesting that the assumption of balanced pleiotropy holds in our two-sample MR analysis. MR-PRESSO shows that no outliers can substantially influence the casual effect estimate at the significance level of 0.05. The funnel plot for individual causal effect size estimated for each single instrumental variable demonstrates a symmetric pattern of effect size variation around the point estimate (Fig. 1b) . Together, the MR-PRESSO test, the MR-Egger regression intercept and the funnel plot indicate that horizontal pleiotropy unlikely biases our results. Again, the LOO analysis demonstrates that none of the twelve instrumental variables that were previously identified to be associated with other traits or diseases can substantially influence the estimated casual effect of MR (Table 4) .
www.nature.com/scientificreports www.nature.com/scientificreports/ Results of the iMAP method. Using the iMAP method 56 , the proportion of SNPs associated with birth weight which are also associated with adult asthma is estimated to be 7.43E-4, the proportion of SNPs associated with adult asthma that are also associated with birth weight is 6.59E-5. Both the proportions are rather small and close to zero, suggesting that SNPs associated with the birth weight are unlikely to be associated with adult asthma. The result of iMAP is consistent with the observation that no association signals are overlapped between birth weight and adult asthma (Fig. 2) . Additionally, the overall genetic correlation is only 0.050 (se = 0.069, p = 0.471) using the linkage disequilibrium score regression (LDSC) 39, 66 . Therefore, both iMAP and LDSC provide no additional genome-wide evidence supporting the causal effects of birth weight on adult asthma.
Results of power calculation. We finally examine whether the lack of detectable non-zero causal effect of birth weight on adult asthma is due to a lack of statistical power. To do so, supposing various sample sizes (i.e. 40,000, 61,916 and 100,000), we performed the statistical power calculation to detect an OR of 1.10, 1.20 or 1.30 in the risk of adult asthma per unit change of birth weight following the approach shown in 63 . Note that, these assumed ORs are approximately equal to the observed effect of birth weight on adult asthma in previous observational studies 17 . The results imply that we would have a moderate to high power to detect the causal association between birth weight and adult asthma (Fig. 3) . For example, for the current sample size in the GERA study (i.e. assume the sample size of adult asthma is 61,916 and OR = 1.10, 1.20 or 1.30 in the power calculation), the estimated statistical power is 17%, 51% or 84%, respectively.
Discussion
In the present paper we have explored the fetal origins of adult asthma hypothesis by performing a comprehensive Mendelian randomization analysis to investigate the causal effects of birth weight on adult asthma. To efficiently avoid possible violation of model assumptions, we have carefully chosen SNPs to serve as valid instrument variables and conducted extensive sensitivity analyses to ensure the validity of Mendelian randomization analysis 65, 67 . With valid instrument variables from large scale GWAS of birth weight we have demonstrated that the genetically increased/decreased birth weight is not casually associated with adult asthma.
Our results are in contrast with previous associations between birth weight and asthma discovered in observational studies. However, the associations between birth weight and adult asthma in these previous observation studies may be confounded by many known/unknown confounders that occur during prenatal or postnatal life (e.g. the adult body mass index, BMI, and smoking status in adulthood) 27, 32 . Therefore, the association previously detected in observational studies could be spurious associations. Indeed, by using a propensity score approach to control for confounders, it has been showed that birth weight is not associated with the risk of asthma during the www.nature.com/scientificreports www.nature.com/scientificreports/ first six years of life 68 . In addition, after considering the maternal smoking status in pregnancy 27 and gestational age 26, 69 , the estimated association size between lower birth weight with asthma is much reduced. Therefore, our MR results are consistent with these observational studies that properly controlled for confounding effects, providing additional evidence supporting that birth weight may not be directly associated with adult asthma.
Finally, we emphasize that we cannot completely rule out the possibility that we are underpowered to discover a weak causal influence of birth weight on adult asthma as shown in the power calculation (Fig. 3) . A comprehensive investigation that can completely elaborate this issue requires dataset of adult asthma with larger sample size in the future. We also note that two large scale GWASs about adult asthma were published recently and the corresponding summary statistics results can be publicly available 13, 14 . However, due to the following reasons, we did not consider either of these two datasets. In particular, in the study of Ferreira et al. 14 , the analysis was performed on three allergic diseases (i.e. asthma, hay fever and eczema elucidates), thus the asthma-specific Table 4 . Leave-one-out analysis of MR by removing instrumental variables of birth weight that were associated with other traits or diseases. Note: BMI: body mass index. We also searched the GWAS catalog (https://www. ebi.ac.uk/gwas; until 21/12/2018) to check if there were instrumental variables which had any associations with other traits or diseases. During the search we paid special attention to two birth-weight related early growth traits (i.e. childhood BMI and childhood obesity). We identified SNPs which resided within 1 Mb of any of the instruments variables of birth weight and may be potentially associated with these two traits in terms of their summary statistics results (p < 1E-5). Finally, we found that twelve instrumental variables were previously identified to be associated with other traits or diseases. We then carried out a leave-one-out (LOO) analysis to check if removing any of these twelve SNPs could substantially influence the results of MR (last column). If removing all the twelve instrumental variables, the causal effect was estimated to be 0.89 (0.70~1.13, p = 0.343). www.nature.com/scientificreports www.nature.com/scientificreports/ summary statistics results cannot be obtained. Additionally, about half samples in the birth weight EGG study and about 40% individuals in Ferreira et al.
14 came from the same UK BioBank data resource 70 , leading to the issue of sample overlap. Participant overlap in the MR analysis can result in severely biased causal effect estimates and the adjustment of sample overlap is statistically challenging 71 . For the study of Demenais et al. 13 , the summary statistics of adult asthma are available for only 16 instrument variables (vs 37 in the GERA study). The smaller number of instrument variables may result in a substantial loss of information and potentially lead to weak instrument bias. Indeed, using those 16 available instrument variables of birth weight from the EGG study 39 and their corresponding summary statistics of adult asthma from Demenais et al. 13 , we obtained a similar null estimate of causal effect for birth weight on adult asthma (OR = 1.05, 95% CI 0.82~1.34, p = 0.701), again supporting our conclusions above.
Conclusions
Overall, our results do not provide any evidence supporting for the fetal origins of diseases hypothesis for adult asthma, implying that the impact of birth weight on asthma is less possible to last into adult and that some of the previous findings on the association between birth weight and adult asthma may be biased by confounders.
Data Availability
The summary data for the EGG GWAS consortium study can be available at http://egg-consortium.org/. The GERA cohort can be available by application to https://www.ncbi.nlm.nih.gov (with dbGaP study accession no phs000674.v1.p1). The NHGRI-EBI catalog of published GWASs can be available https://www.ebi.ac.uk/gwas. (https://cnsgenomics.shinyapps.io/mRnd/). In the calculation, the total phenotypic variance explained by instrumental variables was set to be 1.23%, the significance level α was set to be 0.05, the proportion of the asthma cases was set to be 16.3%. Various sample sizes (i.e. 40,000, 61,916 and 100,000) were considered. For each situation of sample size, the OR was assumed to be 1.10, 1.20 or 1.30, respectively. The estimated power was shown on the top of each bar.
